We report broadband ferromagnetic resonance (FMR) measurements based on coplanar waveguide (CPW) in ultrathin film structures comprising in-plane/ out-of-plane decoupled magnetic layers, which are deposited on nonmagnetic buffer layers of various thickness or other structures resulting in diverse sheet resistivity. We show that the excitation of the fundamental mode can be substantially (up to 10 times) enhanced in the structures deposited on buffer layers with a low sheet resistance in comparison to the structures deposited on weakly conducting buffer layers. The results are analyzed in terms of shielding of the electromagnetic field of CPW by a highly conducting film. The effect of enhancement of FMR absorption may be attractive for applications in spintronic devices that utilize magnetization dynamics of ultrathin ferromagnetic layers.
I. INTRODUCTION
Ferromagnetic resonance (FMR) based on a vector network analyzer (VNA) and a coplanar waveguide (CPW) has become a common experimental tool for studying magnetization dynamic of magnetic films and nanostructures. [1] [2] [3] [4] A thin ferromagnetic film is placed close to the surface of CPW upside down so that a substrate is the furthest outer medium from the CPW. A microwave fieldh proportional to the rf current in the central CPW line excites the precession of the magnetizationm, which in turn induces a microwave voltage in CPW. The FMR response is commonly extracted from the reflection (S 11 ) or transmission (S 21 ) coefficients of scattering parameters using VNA and, hence, the technique is referred to as VNA-FMR 3 or broadband FMR.
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In practice, only the changes of S 21 (or S 11 ) due to FMR absorption are of interest and they are detected in frequency swept mode 2 with the magnetic field kept fixed or in the field-swept mode at a chosen frequency while sweeping the field. 4 The latter mode is more convenient. It has been proved that a change ∆S 12 (or ∆S 11 ) due to microwave absorption of a single ferromagnetic film is proportional to the imaginary part of complex susceptibility χ ′′ , 1, 6, 7 so that ∆S 12 vs. H reflects the Lorentzian curve characteristic of FMR absorption.
However, in the case of thin film structures containing normal metals conducting cap/buffer layer interpretation of the experimental results of VNA-FMR experiments with a CPW is complicated.
1 In opposite to the standard FMR experiments based on microwave cavities with the microwave field of a substantial homogeneity, in CPW the microwave field is asymmetric with regard of a magnetic thin film and inhomogeneous due to shielding of microwave fields by the eddy currents flowing along the conducting films. 5, 8 As a result, higher order spin wave modes are relatively easily excited with the use of a CPW set-up resulting in the spin wave resonance (SWR). 9 In a series of papers 5,10 the effect of conductivity of planar ferromagnetic structures on a FMR (SWR) response has been examined. It has been found experimentally 5 that CPW efficiently excites higher order standing spin waves across the film thickness of 30-90 nm. The ratio of SWR mode amplitudes strongly depends on ordering of layers. All experimental data has been found to be consistent with the expected effects of eddy currents in the conducting thin film structures with thickness below the microwave skin depth. A strong asymmetry in the FMR response of a bilayer magnetic film has been studied theoretically. 10 The response has been found also to depend on ordering of FM layers with respect to a microstrip transducer. This effect has been explained as shielding by eddy currents induced in thin film structures which remain efficient even for nm thick films. More recently, it has been shown 11 that a nonmagnetic capping/seed layers forming an external shielding protection decrease the nonuniformity of the magnetic field inside a magnetic thin film structure. Specifically, when a plane wave is reflected from a metallic film thinner than the skin depth, the electric fieldẽ is reflected from the film surface close to a CPW, whereas the magnetic fieldh penetrates into the FM film and is reflected from the outer surface of the stack. Consequently, by adding a highly conducting Cu (Au) layer, an increase of reflection from the FM film is expected.
periments. In particular, the shielding of the magnetich and/or the electric microwave fieldẽ results in a strong modification of the characteristic impedance Z c and the propagation index. Important is that once shielded, the electric and magnetic fields are concentrated in the air gap separating the CPW and the conducting nonmagnetic metal film.
Thicknesses of ferromagnetic layers discussed in the above papers were of 30-90 nm enabling excitations of higher order SWR modes. The present paper represents an experimental extension of the above papers to ultrathin ferromagnetic layers for which macrospin model 13 is regarded to be fully fulfilled. In ultrathin ferromagnetic films only the fundamental mode is excited with no spatial variation of the magnetization across the film thickness. 13 The purpose of the paper is to investigate the effect of a nonmagnetic buffer layer on the FMR response of either a single ultrathin Co films or multilayer structures comprising ultrathin exchange decoupled ferromagnetic layers. In particular, we will be interested in answering how the FMR absorption amplitude (or area under absorption curve) depends on the thickness of the buffer layer.
II. EXPERIMENTAL DETAILS
The multilayer thin films investigated in the present paper by using VNA-FMR are intended for spin-transfer oscillators 14 that comprise a [Au/Co]×4 perpendicular polarizer, an in-plane magnetized [Py/Co] free layer with Permalloy (Py), and an in-plane Co analyzer in contact with IrMn antiferromagnetic layer. Additionally, two multilayers [Au-wedged/Co/Au] were also investigated as the reference samples. The composition of the multilayers with the thickness of individual layers in nanometers are shown in Tab. I. The continuous multilayer films were deposited in a Prevac sputtering system onto high resistivity (ρ > 2 kΩ cm) Si/SiO 2 substrates that contain an Ti/Au buffer layers of various thickness. The base pressure was less than 1 × 10 −6 Pa and the Ar pressure was approximately 10 −2 Pa. All structures were covered with a 5 nm Au cap layer. For VNA-FMR investigations, the films on the substrates of 19 × 15 mm were cut to approximately 10 × 15 mm samples. The total thickness of the structures investigated (30-100 nm) including conducting buffer layer is well below the skin depth of the electromagnetic field of 20 -30 GHz. Additionally, two reference samples consisting of ultrathin 2.5 nm Co on Ti 4nm/Au wedge buffers 10 -40 nm and 30 -60 nm, respectively, were deposited at the same conditions.
Crystalline structure was determined using X-ray diffraction. Diffraction profiles were measured in the Bragg-Brentano geometry and analysis of the diffraction profiles indicates that the Au buffers show a strong (111) texture since only the (111) and (222) software of x-ray reflectivity data the composition profiles of a few chosen multilayers were determined as it is shown in Fig. 1 for the sample SC as a typical example. As it is seen in the inset in Fig. 1 , thicknesses of the individual layers making up the buffer, free layer and analyzer are in agreement with those determined from technological parameters. The roughness estimated from the fitting is of 0.5 -0.7 nm. Magnetization reversals of the multilayers were examined using a standard vibrating sample magnetometer at room temperature. The measurements confirmed that the multilayers comprise the perpendicular magnetized polarizer (with the perpendicular anisotropy field of 15 -19 kOe), the in-plane magnetized free layer, and the analyzer with exchange-bias field of 200 Oe.
III. CPW VNA-FMR MEASUREMENT TECHNIQUE
A broadband FMR spectrometer based on VNA-FMR technique was used to measure the FMR spectra of multilayers in the in-plane geometry with an external magnetic field applied in the sample plane. An in-plane microwave field with a frequency of 20 -30 GHz was applied to the sample using a grounded CPW with a 0.45 mm wide central strip. Our CPW design is similar to that of Southwest Microwave Inc. 16 The samples (10 × 15 mm) were placed face down on the waveguide so that the buffer layer was always the furthest layer in the investigated multilayer structures. The complex transmission parameter S 21 was measured with a VNA at a fixed frequency -typically 20 GHz -while the external magnetic field was swept between +10, 0, and -10 kOe. Since FMR signals were measured in two quadrants, the number FMR peaks is doubled as it is shown in Fig. 2 . We find such a measurement procedure helpful in estimating errors in calculations of the area under absorption curve. which is related to a nonresonant background of the whole microwave track and six characteristic absorption peaks (three for positive and three for negative H, respectively) plus one central peak. The tree peaks P + , F + , and A + (or, P − , F − , and A − , for negative field direction) are related to FMR absorption of the exchange decoupled polarizer, free layer, and analyzer, respectively. The central peak, which is centered at H = 0 Oe, is slightly asymmetric due to unidirectional anisotropy of the analyzer. The central peak is related to a additional absorption during magnetization reversal of the F+A structure. The central peak will not be discussed further in this paper and it will be a subject of future paper. Figure 2 (a) clearly shows that the experimental data of Im S 21 can be broken into magnetic and nonmagnetic contributions assuming that a reflection of microwave power is weak in our VNA-FMR set-up. Therefore, following a similar analysis discussed in Refs. 6 and 7, the complex S 21 scattering term may be expressed as
where χ(H) is complex microwave susceptibility, χ 0 is complex function of the experimental parameters , such as frequency and film thickness 7 . Furthermore, time t takes into account some drift of S 0 21 during measurements. Assuming that S 0 21 (H, t) depends on H in a nonresonant way and also depends on t, we can reasonably approximate S 0 21 (H, t) ≈ AH + BH 2 so that we arrive at a simple relation
where
. Figure 2 (b) shows the measured Im ∆S 21 (H)) after subtraction of the nonresonant background Im S 0 21 (H). It can be easily shown that the experimental spectrum can be deconvoluted using a set of Lorentzians. Slight differences in the height and linewidth ∆H (FWHM) for P + , P − and F + ,F − peaks serve here as a rough estimate of uncertainties in determination of ∆S 21 absorptions in our VNA-FMR set-up. Keeping in mind that χ ′′ ≈ χ 0 Im ∆S 21 (H), we can further express the area under FMR absorption peak I as
In theory, the intensity of FMR signal I measured in a microwave cavity is proportional the total magnetic moment. 18 However, in this case FMR intensity studies require a microwave system which can provide reproducible results with a special emphasis on the microwave cavity coupling and cavity quality factor. 19 In contrary to the discussion in Ref. 4 , we found the magnitude of the FMR absorption (∝ Im ∆S 21 ) quite stable for the structures of the same size and the same composition. It suggests that we can compare the intensities of FMR absorption of various samples provided that the measurement conditions in a CPW set-up are the same. In section IV, we will provide the experimental evidence that VNA-FMR can be used not only for quantitative determination of the resonance field H r and the resonance linewidth ∆H but also for comparative measurements of the microwave power absorbed by ultrathin films of the same geometry and we will show how a specific ordering in a stack of magnetic and nonmagnetic ultrathin layers affects the microwave absorption. 
IV. VNA-FMR RESULTS
We prepared three thin film structures comprising identical P, F, and A on three different buffer layers: Ti 4/Au 40 (SA), (Ti 2/Au 2)×5 (SA1), and (Ti 2/Au 2)×10 (SA2) (see Tab. I, for details). In spite of the fact that the structures had nearly the same magnetic properties (e.a., the same resonance fields of A, F, and P and similar magnetic moments) the signal amplitude of Im ∆S 21 was found to be the highest for sample SA as it is shown in Fig. 3 (a) . While the positions of FMR responses for SA, SA1, and SA2 (dashed lines in Fig. 3  (a) ) are nearly the same for A, F, and P, respectively, the signals from the sample SA with the thickest Au buffer layer is nearly 6 -7 times higher than those of samples SA1 and SA2. The effect of signal enhancement is even more pronounced for the polarizer P with perpendicular anisotropy (see the inset in Fig. 3 (a) ). While the FMR absorptions for samples SA1 and SA2 are barely seen from the noise, the FMR absorption of P in SA is substantial and comparable with those of A and F. As it was shown in our recent paper, 20 the enhancement in this case is presumably additionally influenced by a better texture and crystallite size of the polarizer, which was grown on the thick Au 40 buffer layer. Therefore, Fig. 3 (a) can be regarded as an experimental evidence of shielding of the electromagnetic field in a CPW by a conducting film with a low sheet resistance. It shows that a highly conducting buffer layer that is the outer conducting layer from CPW can beneficiary affect the excitation of the fundamental mode(s) in our ultrathin film structure. We checked using a four-point probe that the sheet resistance of SA, SA2, and SA1 buffer layers is of 0.5, 15 and 30 Ω, respectively. Such a change in the sheet resistance has recently been shown to strongly affect shielding of eitherh orẽ fields. 12 To check if the fieldh is really enhanced due to a conducting film alone, we performed a similar experiment using DPPH -common EPR standard compound -dissolved in a nonconducting glue and then deposited on bare Si substrate and on Si substrate covered with Ti 4/Au 40 buffer layer, respectively. No such enhancement due to Au buffer layer was observed as it is shown in Fig. 3 (b) . We argue that the lack of any enhancement in the absorption amplitude results from insulating nature of DPPH "layers". Hence, the effect is attributed to the conducting FM films in the immediate proximity of conducting nonmagnetic layers.
To determine the relation between the amplitude of FMR absorption (Im ∆S 21 ) and the thickness of buffer layer, we measured FMR absorption in a single ultrathin 2.5 nm Co layer buried between a buffer Au layer of various thickness and a 5 nm Au cap layer. The measurements were carried on two reference samples (Tab.I) with the buffer layer deposited in a wedge shape from 10-40 nm and from 30-60 nm, respectively. The results of FMR measurements are shown in Fig. 4 (a) as a 3-D plot. It is clearly seen that the amplitude of FMR absorption of the buried Co 2.5 nm layer increases with the thickness of the Au buffer layer and saturates at its thickness of 40-60 nm. Since the linewidth (defined as the width of the FMR absorption at half hight) also increases with the thickness of the buffer Au layer from 340 Oe to 440 Oe, we find that the intensity of FMR absorption (e.a., the area under absorption curve) is the best characteristic of the microwave absorption. It appears that the dependence of the intensity I vs. 1/d Au (see Fig. 4 (b)) can be approximated by the following expression:
where d o is of 38 nm and I 0 is of 1.7. The sheet resistance of a thin Au buffer layer is defined as R sr = ρ/d Au . If we take the resistivity of bulk gold as 3 µΩcm, R sr of the Au buffer varies from 2 Ω to 0.33 Ω for the Au thickness of 10 and 60 nm, respectively. Fitting to the experimental data using Eq. (4) gives R o sr of 0.8 Ω. It is worth noticing that the resonance field H r also experiences a small change with the thickness of the Au buffer layer (not shown). The reason might be a joint effect of a small increase in the perpendicular anisotropy due to increase of crystallite sizes for thicker Au buffer layer and a small frequency shift due to inhomogeneous excitation of microwave fields 1 . However, this subject is out of scope of the present paper. To sum up, we show for two ultrathin Co films that the Au buffer thickness (e.a., its sheet resistance) has a strong impact on the intensity of FMR absorption measured using CPW. It changes in a regular way expressed by Eq. (4).
To further confirm the enhancement of FMR absorption, we compared the FMR absorption spectra of four SA-SD structures deposited either on the Ti 4/Au 40 (the samples SA and SB) or Ti 4/Au 10 buffers (the samples SC and SD). The FMR absorption spectra are shown in Fig. 5 . As can be seen in Tab. I and in the insets in Fig. 5 , the samples differ in the sequences of the magnetic layers P, F, and A. The P-F-A and A-F-P structures are referred to as a simple and an inverse structure, respectively. For some purposes, which are out of scope of the present paper, the sample SC has no polarizer. Comparing Figs. 5 (SA),(SB) with (SC), and (SD), one can see that the FMR amplitudes for the samples SA and SB deposited on the the Ti 4/Au 40 are about ten times higher than those of the samples SC and SD deposited onto the Ti 4/Au 10 buffer. Besides, a clear decrease in signal to noise ratio is seen in Fig. 5 for SA and SB in comparison with SC and SD structures. It confirms again the previous results shown in Figs. 3 (a) and 4 (a) .
In FMR theory with ellipticity of precession included 19 , a ratio of the intensities I of P, F, and A should scale with their magnetic moments that are comparable in fact (e.a., m P : m F : m A ≈ 1.0 : 0.8 : 1.07). It is true, to same extent, in the case of P and F layers. However, in the case of analyzer A with the IrMn layer in close contact with the Au buffer (SB and SD) the absorption intensity is strongly diminished. show the fits of the spectra with the Lorentzians. The "central"peak is subtracted for clarity.
Fig. 6. (ii)
In such a geometry, the thin film sample with a thickness d less than the skin depth δ S = 2/µ 0 σω the microwave magnetic field decays more strongly than exponentially. (iii) In a highly conducting film the microwave magnetic field is strongly inhomogeneous.
Based on the multireflection model, we can write the scattering parameter S 21 of the scattering matrix in terms of the complex reflection coefficient Γ and the complex propagation factor γ 0 γ f . The complex propagation factor of the unloaded CPW γ 0 = iω/υ ph , where ω is the angular frequency of microwave field and υ ph is the phase velocity of microwaves in CPW.
3 γ f is the propagation index of the loaded CPW:
where δ is the film width and S 0 21 is the scattering parameter of the empty CPW. Keeping only linear term in expansion of Eq. (5) and assuming |Γ| ≪ 1, 5 we obtain
The propagation index γ f can be further approximated in terms of characteristic impedance γ f = Z0−Zr Z0 ≈ 1 + Zr 2Z0 , (Eq. (13) in Ref. 10) , where Z 0 is characteristic impedance of the unloaded CPW and Z r is the surface impedance of the thin film placed on CPW. Hence,
According to the discussion of Bailleul
where R sr is the sheet resistance of the film with the resistivity ρ, thickness d, and w is the width of the central line of CPW (see. Fig. 2 
which has the same form as the fitting formula Eq. (4) to the experimental data shown in Fig. 4 . Let us esti-
10 cm/s, and ω/2π = 20 GHz the estimated range of d 0 is between 8 and 15 nm if we assume the resistivity ρ = 3 µΩcm of the gold buffer the same as for bulk. In practice, the resistivity of several nanometers thick gold films is several times higher 21 so that d o = 38 nm estimated from fitting of the experimental data (Fig. 4) according to Eq. (4) is in agreement with the above model. Since in a number of spintronic devices and magnonic structures coplanar waveguides (microantennas) are widely used, the observed FMR signal enhancement may be useful for applications.
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Let us assume that an ultrathin Co 2.5 nm film is deposited on a gold wedged buffer layer of thickness 10 < d < 50 nm as shown in Fig. 6 . The Co film is very thin in comparison to the Au buffer layer so it actually plays the role of a tag useful for monitoring the dynamic magnetic field. Since it is very thin, we assume the entire structure as a nonmagnetic with conductivity of gold wedge (region 2). Transverse wave with wavenumber k 1 and with the amplitude equal unity is incident perpendicular to the film surface from region 1 with the permittivity ǫ 1 the same as for region 3.
10 The permittivity of region 2 ǫ 2 is complex. Taking continuity boundary conditions at the boundaries of regions 1, 2, and 3 forh x andẽ z we havẽ
with
where r = ǫ 1 /ǫ 2 and D = exp(2ik 2 d)(1+ √ r) 2 −(1− √ r) 2 . Since ǫ 1 = 1 and ǫ 2 of gold is imaginary and very large,
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| r |≪ 1 so that after expanding exponential functions and keeping only the linear terms of expansions we obtain thath varies linearly with y as
where 2 denotes that the amplitude at the front of the structure is doubled due to positive interference. In order to extend the model of inhomogeneous dynamic magnetic field within a more complicated structure comprising P+F+A layers and a Au buffer layer, let us compare the FMR intensity of the CPW-FMR responses shown in Fig. 5 . In contrast to a single ultrathin Co film on the Ag buffer layer, the P+F+A ferromagnetic structure is more extended (of ∼ 20 nm) and consists of exchange decoupled (the Cu spacers are 3 -4 nm thick) Co and Permalloy layers with diverse effective anisotropies. This makes possible observation of well separated FMR absorptions of each layer. Exact calculations of electromagnetic field distribution in such structures would need a set of many boundary conditions 11 with several material parameters. However, we make use of Eq. (17) taking into account thath in the multilayer is a linear combination ofh in individual layers and its slope scales with a sheet resistance (ρ/d) of the individual layers. 5 Hence, the lower R rs the higher is the slope ofh within a layer. R rs values of the individual layers in the entire stack are quite diverse -R rs is the highest for IrMn layer 23 and the lowest for Au buffers. Possible distributions of the dynamic fieldh (black lines) are shown in Fig. 7 (a), (b) , and (c) for SA, SB, and SD structures, respectively. In other words, we assume in accordance with Eq. (17) that h(0) = 2 andh(d) = 0 what is generally not true for very thin stacks (see Fig. 6 in Ref. 10 ) so that the microwaves can be partially transmitted out of the stack as it is shown in Fig. 7 (c) . Nonetheless, the distributions ofh just depict graphically that its slope in the P+F+A stacks is the highest for the SD sample and the lowest for the SA sample so that the magnetic field inside the SA sample is the most homogeneous. It is also seen that the position of antiferromagnetic IrMn pinning layer plays an important role in the distribution ofh because its resistivity 23 is about 100 times higher than that of Au. 21 As it is shown in Tab. II, the ratio of the magnetic moments of P, F, and A layers is m P : m F : m A = 1 : 0.8 : 1.07 one would expect the same ratio for the intensity of FMR absorption of P, F, and A, respectively if the dynamic field h is homogeneous. Clearly, this is not the case since the measured ratios 1 : 0.86 : 0.58 and 1 : 0.64 : 0.4 for the sample SB and SD, respectively. Hence, in accordance with the sketch in Fig. 7 , the dynamic magnetic field is the most inhomogeneous SD structure. On the contrary, for SA structure the ratio is in a fairly good agreement with the ratio of magnetic moments estimated from geometry for P+F+A layers.
VI. CONCLUSIONS
In the present paper, we have extended previous broadband FMR studies of thin magnetic films [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] to ultrathin magnetic film structures deposited on the buffer layers with diverse sheet resistance R sr . We have shown that the intensity of FMR absorption in the single ultrathin Co layer measured with the use of coplanar waveguide (CPW) depends on the thickness d of the conducting Au buffer ∝ exp(−1/d) or, equivalently, on the buffer sheet resistance ∝ exp(−R sr ). We have also shown that the measured in CPW VNA-FMR absorption intensity of the systems composed of several exchange decoupled ultrathin magnetic layers do not scale in proportion to their magnetic moments as could be expected. On the contrary, the intensity of FMR absorption ratios of the individual ultrathin layers depend on their ordering with respect of CPW, which plays the role of both a transmitter and a receiver of microwaves. The above mentioned findings are interpreted in terms of the microwave shielding effect by conducting films and an inhomogeneity of the dynamic magnetic fieldh related to the shielding.
